The management of water resources in arid and semiarid areas has long been a challenge, from ancient Mesopotamia to the modern southwestern United States. As our understanding of the hydrological and climatological cycles has improved, and our ability to manipulate the hydrologic cycle has increased, so too have the challenges associated with managing a limited natural resource for a growing population. Modern civilization has made remarkable progress in water management in the past few centuries. Burgeoning cities now survive in desert regions, relying on a mix of simple and complex technologies and management systems to bring adequate water and remove wastewater. These systems have permitted agricultural production and urban concentrations to expand in regions previously thought to have inadequate moisture. However, evidence is also mounting that our current management and use of water is unsustainable. Physical, economic, and ecological limits constrain the development of new supplies and additional water withdrawals, even in regions not previously thought vulnerable to water constraints. New kinds of limits are forcing water managers and policy makers to rethink previous assumptions about population, technology, regional planning, and forms of development. In addition, new threats, especially the challenges posed by climatic changes, are now apparent. Sustainably managing and using water in arid and semiarid regions such as the southwestern United States will require new thinking about water in an interdisciplinary and integrated way. The good news is that a wide range of options suggest a roadmap for sustainable water management and use in the coming decades.
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However, evidence is also mounting that our current management and use of water is unsustainable. The resource issue that is going to be most difficult to address in the western United States is not land, or energy, or mining, or climate, but water, which ties each of these other resource challenges together. It takes supplemental irrigation to produce food; climate changes will alter the hydrologic cycle; substantial energy is required to move, treat, and use our water; and substantial quantities of water are required to help us satisfy our energy needs. Economic and environmental limits to additional water withdrawals, even in regions not previously thought vulnerable to water constraints, are now apparent. In the world's drier regions, real limits are appearing that are forcing water managers and policy makers to rethink previous assumptions about population, regional planning, and forms of development. In addition, new threats, especially the challenges posed by climatic changes, are accelerating the need for new ways of managing water.
Nowhere is this more apparent than in the southwestern United States-a region with an arid and semiarid climate, limited water resources, and a growing population. Even without the threat of climate change, this region has always faced special difficulties with sustainable management of water. Psychologically and socially, it is hard for millions of people who love this region to admit that it is fundamentally dry and that the rules for building, living, and working there must be different from those in the wet regions where most of them were born and raised. More than a century of reclamation has remade the map of the west, replumbing nearly every river with massive reservoirs, diversions, irrigation systems, hydroelectric plants, and flood-control structures. The wild, dangerous Colorado River, explored in fear and wonder by John Wesley Powell and his party 150 years ago, is a tamed beast today, suitable for rafts of families and thrill-seeking urbanites, blue instead of Colorado red because its sediment is stripped and settled in massive reservoirs, and its flows diverted and controlled. Evidence that the old river is still alive appears now and then, as we saw in the great winter of 1983 when Glen Canyon Dam itself was threatened with destruction by flood flows. Nevertheless, the waters of the west have been remade to serve humanity.
These efforts brought important economic and social benefits. However, the systems we have built are unsustainable without fundamental change. It is now apparent that ecosystems are collapsing under the modifications imposed upon them, from the introduction of invasive species to modifications of water flow, timing, and quality (1, 2) . Unconstrained and unmanaged growth in southwestern cities and suburbs can no longer be accommodated from the perspective of water supply. The irrigation of certain crops in certain places no longer makes sense, even with economic subsidy. Furthermore, the style of urban water use can no longer mimic eastern US or European traditions but must be more attuned to the hydrologic realities of the region. On top of these challenges, the realities of coming climate changes add even more pressure to rethink the strategies used for water management for the past 150 y.
Water Management Strategies: Old and New
In the 20th century, water policies adopted by resource managers at all levels reflected the prevailing management philosophy of the time: build large-scale, centralized, federally subsidized infrastructure to move water in both space and time to meet current and projected demands. In the western United States, where natural aridity limited perennial water resources to selected areas, this meant building dams and aqueduct systems on a scale unprecedented in human history. That story has been described in a number of superb popular accounts (3) (4) (5) . By the early 1990s, the world's largest dams had been constructed on the Colorado, Columbia, Sacramento, San Joaquin, and other major western rivers. The entire annual average flow-and perhaps even more-of the Colorado River had been allocated to the seven states and Mexico under a complex set of legal agreements. Billions of cubic meters of water (millions of acrefeet) are now flowing out of the basin itself to southern coastal California and other regions; and agricultural production has skyrocketed through the development of semiarid land irrigation systems.
These changes were driven by the philosophy that government-subsidized water development was necessary to help support, and even encourage, population expansion and economic growth in the region. Between 1920 and 2000, population growth in the seven states that share the Colorado River grew 762% (Fig. 1) , and today the basin supports 50 million people, 92% of whom live in urban areas. Between 2000 and 2030, the population in this basin is expected to grow by another 23 million people (6) .
The 20th century approaches used to deal with water challenges are now failing, and new thinking and management approaches are needed. Part of the problem is that the region is literally running out of traditional supply options, and there is limited ability to continue to apply the solutions that worked in the past. Limits on traditional supply are the result of both physical and political/economic constraints. On the physical side, there are fewer and fewer feasible options for expanding supply. The Colorado River and related southwestern water systems are reaching their peak renewable limits, making it impossible to withdraw additional supplies (9) . "Peak renewable water" limits are reached when the entire renewable supply of a watershed is appropriated for human use. On the Colorado River, such limits were reached many years ago when legal allocations exceeded the long-term average reliable supply. On the political and economic side, the support for expanding traditional water systems has largely evaporated along with the federal funding that fueled the original expansion. With the loss of national subsidies for new large-scale water systems of any kind, the financial burden for new water projects is falling on local users, who are themselves financially constrained.
Second, the current approaches have had serious ecological side effects that were either ignored or unanticipated when our original water systems were designed and built. Every major aquatic ecosystem in the region is under stress and reaching or exceeding peak ecological limits (9) . "Peak ecological water" is the point at which additional water withdrawals cause more ecological harm than they provide ecological benefit. These limits are evident in the Colorado River delta, the Salt, Verde, Gila, Santa Cruz, Rio Grande, and other rivers flowing, or formerly flowing, through urban areas of the region, and in impacts to coastal fisheries from Mexico to Alaska.
Third, there are growing conflicts among water users: cities are increasingly competing with farms; growers are competing with other growers; water required for energy development is competing with water for other industrial and economic priorities; and transboundary issues continue to be a concern with Mexico. The tensions are increasingly strong around energy development. Traditional energy systems, in particular thermal power plants that use fossil or nuclear fuels, require substantial water for cooling. Some new renewable energy developments, such as central solar thermal systems and expanded production of biofuels, may also have high water demands. Yet plans for energy developments in the southwestern United States have not fully taken such water requirements into account, raising new questions about competition for limited water resources (10) . Such tensions are an indication of physical water constraints and the realization that the water demands from new development or growth will only be satisfied by reallocating water from existing users.
Fourth, future hydrologic conditions have been called into question by research into anticipated and observed climatic changes. The hydrology of the southwestern United States is already characterized by strong variability on seasonal to multiannual time scales, reflecting its sensitivity to fluctuations in large-scale atmospheric circulation patterns from the Pacific Ocean, the Gulf of California, and the Gulf of Mexico. Given this climatic sensitivity, it should be no surprise that the region has been the focus of extensive climate research. Some of the earliest efforts to understand the impacts of climate change for water resources have looked at the Colorado River system, hydrology, and operations. In the early and mid1980s, research began to suggest that even modest changes in average streamflow caused by rising temperatures, changes in precipitation patterns, and accelerated snowmelt runoff would put pressures on both natural hydrological conditions and on the human systems built to manage both water supply and satisfy demand (11) (12) (13) (14) (15) .
As Cayan et al. (16), Woodhouse et al. (17) , and Seager et al. (18) show, current climate model simulations suggest that the region is likely to become drier and experience more frequent droughts over the next several decades, with changes accelerating toward the end of the century. The principal mechanism for these changes is accelerating warming with associated dry periods, changing storm dynamics off the oceans, increased soilmoisture deficits in spring and summer, and reduced spring snowpack and accelerated spring snow melt. However, general circulation model projections also suggest a trend toward the reduction in overall precipitation in lower latitude, continental regions. It is, of course, possible that climatic changes could lead to a reduction in pressures over water, if such changes increase overall availability in a form that can be captured and used. Unfortunately, current research suggests the risks are higher that water availability will worsen, not improve. There is also evidence that anthropogenic climate changes are already apparent. Although in some parts of the Southwest recent extensive droughts have not yet been as bad as the most severe droughts on record, experienced during the medieval periods in the 1100s, temperatures are almost certainly higher now (17) . Moreover, hydrological changes observed in the region over the several decades cannot be fully explained by natural variability (19) (20) (21) (22) . As the National Assessment concluded more than a decade ago in 2000, "The evidence that humans are changing the water cycle of the United States is increasingly compelling" (23) .
Given the precarious water balances in the region already, any significant changes in either timing or availability of water can lead to disruptions and a potential worsening of tensions over water, as well as important changes in ecosystem dynamics. For example, severe dryness and warmer temperatures can accelerate insect pest infestations, which in turn can accelerate conifer tree die-offs (24, 25) . Forest wildfire increases have been attributed to accelerated spring snowmelt and higher spring and summer temperatures (26) ; and future climate changes are projected to increase the frequency and impact of wildfires in the Southwest (27) .
Moving to Solutions
To address the water problems facing the southwestern United States or any region of the world facing water challenges, new thinking and management are required. Below are four key strategies for a sustainable roadmap for water; water managers, planners, and utilities must rethink assumptions and definitions about water supply, work to reduce water demand through conservation and efficiency programs, develop improved systems for managing water, and integrate climate change into all water system decisions. A wide variety of tools for making these changes are possible, including new technology, economic approaches, regulatory requirements, and education.
Rethinking Water Supply
Traditional sources of water are increasingly expensive and scarce or are limited by political and social opposition. However, there are new opportunities for rethinking supply options. In particular, sources of water that were previously ignored or unusable now are being considered or tapped, including the desalination of brackish groundwater, reuse of treated wastewater, and rainwater harvesting. The town of Prescott Valley, Arizona, for example, has for many years used highly treated wastewater to irrigate local golf courses and to recharge groundwater aquifers. Recently the town proposed selling permits to its future supply of treated effluent to developers who need to show they have a proven source of water before they can build new homes. The water would continue to recharge groundwater aquifers, but the permits would permit new groundwater withdrawals. Another example of water reuse in the region is the Palo Verde nuclear power plant, which is the only plant to use reclaimed wastewater for its cooling system. Other innovative groundwater recharge and reuse projects are being developed throughout the western United States.
There are other efforts underway to use water-purification technologies to tap into previous unused or unusable sources of water. The city of El Paso has recently completed construction of the world's largest inland brackish water desalination plant. The desalination plant uses reverse osmosis membranes to produce potable water from brackish water drawn from the Hueco Bolson, a local groundwater aquifer. Raw water passes through reverse osmosis membranes that separate salts and other contaminants from the water. The source water has a total dissolved solids (TDS) content of between 1,200 and 1,500 mg/L, and the plant produces water of 700-800 mg/L TDS, comparable to existing water quality. Approximately 83% of the water is recovered, leaving 17% brine concentrate for disposal in deep underground saline aquifers (28).
This project produces 10,400 m 3 /d (27.5 million gal/d) of water for the El Paso region and has increased total fresh water availability to El Paso Water Utility by approximately 25%. The utility has also included in its strategic plan a goal of reusing 15% of its treated wastewater by 2017, and it has worked to improve overall water use efficiency in the district. Between 1977 and 2006, utility efforts to increase efficiency resulted in a drop in percapita water use from 0.9 cubic meters per day to approximately 0.52 (or from 230 gal per person per day to 137 gal per person per day) (28). No comprehensive analysis for the southwestern United States has been done to evaluate the potential for alternative sources of supply to expand water availability or to permit some existing uses to be cut back to restore ecosystem flows, but as water becomes increasingly scarce and expensive, these alternatives will become increasingly attractive.
Rethinking Water Demand
Given the limitations on water supply and the high costs of developing alternative sources of water, one of the most important tools for reducing pressure on water resources is improving the efficiency of existing water uses. Water agencies have traditionally assumed that demand for water must increase exponentially with population growth and the economy. This assumption is false. In more and more regions, water demand has been constant or decreasing in recent decades due to increasingly sophisticated and effective conservation and efficiency efforts, even with growing population. The ability to cut water demand without affecting economic productivity remains very high (29) .
A key to improving efficiency is understanding where, when, and why we use water. We use water for many things, from the production of food and industrial goods to cooling power plants and satisfying basic household needs. Almost all of these things can be accomplished with less water than we use today.
Substantial amounts of water are used in the southwestern United States to grow food. In California, Arizona, and most western states where pressures on water are especially intense, up to 80% of total water use is consumed by irrigated agriculture (30) . A recent analysis in California suggested that more food could be grown with less water by improving irrigation technology and application, and these lessons are applicable throughout the Southwest (31) . Installing efficient irrigation technologies, such as drip systems and improved soil moisture monitoring and management, can reduce water use and increase agricultural yield. However, nearly 50% of all crops in California are still grown with inefficient flood irrigation. Converting these crops, particularly vineyards, orchards, and vegetables, to more efficient drip and microsprinklers, could save a significant volume of water, while increasing agricultural production and income.
Improvements in nonagricultural wateruse efficiency are also possible through more widespread distribution of residential appliances, such as washing machines, toilets, showerheads, and dishwashers, better outdoor landscape irrigation programs, and a wide range of technologies to reduce water needs in commercial and industrial settings. For example, the amount of water required to make steel has dropped from 200 tons of water per ton of steel 75 y ago down to 20 tons of water per ton of steel in the 1980s, and to 3 in the best steel plants today. Water required to process milk (gallons of water per gallon of milk) has dropped from 6 gal of water per gallon of milk down to just over 1 gal today. Semiconductors used to require 30 gal/in 2 ; now they require less than 6 gal (29, 32) .
Many states and municipalities in the western United States have reduced inefficient water use, as has the nation as a whole. Total water use in California, and in the United States overall, was less in 2000 than it was in 1975, yet population and gross domestic product over that same period increased (Fig. 2) . Despite these improvements, available cost-effective technologies and policies can further reduce urban and agricultural demand significantly. In the western United States more and more urban areas are faced with the option of investing in increasingly expensive new sources of water or developing policies to improve water efficiency. For example, the city of Las Vegas is seriously considering building a new multibillion dollar pipeline to rural counties to the north to tap groundwater, yet a recent analysis showed that local efficiency improvements can reduce demand by almost the same amountapproximately 86,000 acre-feet per yearat a cost far below that of the pipeline (34) . Other western cities also have growing successful experience with these new conservation and efficiency approaches to water management (35) .
Further progress in sustainable water management will require us to get even more efficient and eliminate more wasteful uses of water. Fortunately, the potential to do so is vast, particularly in regions such as the southwestern United States, where substantial amounts of water are still used for outdoor landscaping in urban areas and for irrigated agriculture. Fig. 3 shows the current single-family residential water use for several western water districts that have already invested substantial effort in improving water use efficiency. Yet many western cities have water use far above these levels. It would be helpful to establish incentives for improving water efficiency and reducing wasteful use of water at all levels, using a range of financial, regulatory, and educational tools.
Improving Institutional Management
Increasing nontraditional water supplies and reducing demands through efficiency improvements are necessary elements for improving the water situation in the Southwest, but they are not sufficient. We do not manage water well in most places. New arrangements, especially in terms of improved clarity of federal/state responsibilities, can reduce pressures on water. For example, integrating state/ federal management of projects in California's Central Valley, the Columbia Basin, and the Colorado would improve flexibility to meet conflicting and competing needs. More cooperative state-tostate water efforts would also help; for example, Nevada and Utah are facing a prolonged legal battle over shared groundwater basins because there is little experience in cooperative transbasin groundwater management.
Sustainable water management is also hindered by the lack of coordination among federal, state, local, and nongovernmental entities. At the national level, more than 20 different federal agencies share responsibility for various water resource issues, and larger numbers of state, local, and nongovernmental actors also play important management roles (Table 1) . It would be helpful to reorganize and streamline the diverse and uncoordinated water responsibilities.
Any roadmap for sustainable water management and use requires comprehensive and up-to-date information and data on water availability and especially water use. At present, these data are not available. The failure to monitor and measure all water use is an archaic holdover from the early days of western water policy, and it seriously hinders rational water management. Accurate and reliable data on water use are vital for evaluating the efficiency of current use, establishing efficiency targets, and evaluating performance toward meeting those targets. Furthermore, metering and charging for water according to the volume of water consumed are among the most effective tools for encouraging efficiency.
In many parts of the west, water meters are not yet required in the agricultural sector. As a result of the lack of monitoring, water agencies have a poor understanding about actual agricultural water use, particularly groundwater use.
As part of improving the management of water systems, there also needs to be substantial improvement in how we set, monitor, and enforce water quality laws. There are new health and safety threats to water systems, and current federal and state regulatory oversight are inadequate. In particular, new chemical threats to drinking water and to groundwater aquifers are poorly understood and regulated.
Integrating Climate Change Climate change impacts should be integrated into all federal and state water decisions, planning, and management, including new construction and the operation of existing water systems, reservoirs, and watersheds. As described above, climate change will alter the supply of and demand for water in coming years. More and more states are addressing climate change, looking at impacts and consequences for water systems, as well as working to reduce greenhouse gas emissions, including those associated with water systems. California's Department of Water Resources 5-y water plan calls for integrating climate change into all planning efforts. Senate Bill 193 in Oregon calls for the state's water resources strategy to develop plans "related to the challenges presented by climate change." The Seattle Public Utilities has developed plans to "understand the potential impacts of climate change on the systems we manage and to develop appropriate adaptation and greenhouse gas mitigation strategies." However, far more needs to be done for major river basins, such as the Colorado, that have been shown to be vulnerable to even slight changes in climate, and where management is complicated by overlapping and often conflicting state, federal, and local jurisdictions.
A variety of actions are available to reduce the potential impacts of climate change. Many of these, such as efficiency improvements, provide social, economic, and environmental benefits regardless of the nature of climate change impacts. For example, an analysis on the impacts of climate change on the Boston water system found that supply deficits resulting from climate change, combined with increases in demand resulting from continued population growth, could cost as much as $700 million. Implementing water conservation and efficiency improvements, however, would reduce this cost to less than $150 million (36) . In the western United (37, 38) .
Conclusions
We are entering a new era in water management. For regions like the southwestern United States, where water resources are especially scarce and where climatic changes may cause significant changes in water availability, quality, and demand, new approaches are needed to help us to simultaneously meet human and environmental demands for water. Signs of such new approaches can be seen in more and more places, from urban areas implementing aggressive water-conservation and efficiency programs to the efforts of innovative farmers to improve productivity without increasing water requirements. However, such changes are slow in coming: vested interests, outdated institutions, and restrictive and inflexible water laws make a new "roadmap" easier to see than to implement. Four broad categories of changes are needed: (i) an expanded concept of "supply" that encourages the development of new, untraditional sources of water, such as advanced treatment and reuse of wastewater, desalination of brackish water, and rainwater harvesting, rather than simply focusing on new dams, unsustainable groundwater overdraft, and additional interbasin transfers; (ii) a shift from a focus on supply to one that evaluates and manages water "demand," including policies that encourage major improvements in water-use efficiency to help maintain the economic value produced by water use while reducing total water use; (iii) new institutional approaches for integrating federal, state, and local efforts; and (iv) efforts to evaluate and adapt to the now unavoidable impacts of climate changes on water systems. These new approaches have been used successfully here and there in the western United States and offer a way to effectively move toward water sustainability, but they have yet to be adopted in a comprehensive and widespread manner.
